The present study evaluated the hemostatic efficacy and handling of gelatin-thrombin matrix hemostatic sealant during intracranial procedures. A retrospective analysis of 478 consecutive patients undergoing intracranial procedures identified seven patients with acute intense or persistent intraoperative bleeding which could not be arrested in time by standard hemostatic methods. The efficacy of gelatinthrombin matrix was assessed by determining bleeding severity before and after application, time to hemostasis, amount of gelatin-thrombin matrix necessary, need for additional hemostatic measures, and need for reoperation to control hemorrhage. Immediate hemostasis was achieved in five of seven patients. Two of these five patients had abnormal clotting parameters. Cessation of bleeding was achieved by additionally applying either fibrinogen or gelatin sponge to the bleeding site in the other two patients. No complications attributable to gelatin-thrombin matrix use were recorded. The gelatinthrombin matrix was ready to use within 1 minute in every case. Gelatin-thrombin matrix appears to be an effective, easy-to-use, and readily available hemostatic agent for cranial neurosurgery. Combination with fibrinogen is recommended in special situations.
Introduction
Immediate hemostasis is extremely important in brain surgery, because even small amounts of blood within the brain parenchyma may lead to permanent neurological damage or even death. Micro-neurosurgical interventions in the brain require clear fields of vision, so continuous bleeding may obscure the target structures with the potential for tissue damage. Patients with intracranial lesions requiring acute surgery frequently have associated disturbances of plasmatic and/or thrombocytic coagulation caused by medication such as acetylsalicylic acid, warfarin, or phenprocoumon. 10, 15, 22) Such coagulation disorders are often impossible to detect or to correct rapidly in emergencies. Mechanical methods of hemostasis such as direct pressure and ligation have very limited uses in brain surgery. Numerous hemostatic agents with different mechanisms of action are available (Table 1) , but there is a need for a fast and safe hemostatic method that is effective even in patients with coagulation disorders.
Gelatin-thrombin matrix hemostatic sealant is a gelatin matrix consisting of cross-linked bovine-derived gelatin granules and a bovine-derived thrombin component (since March 2005 a human thrombin component has been available). The gelatinthrombin matrix can be prepared immediately before use, 30) as a highly viscous gel that can be applied using a syringe with a special applicator. The gelatin-thrombin matrix is hydrophilic, so adheres well to wet tissue in contrast to fibrin glue, acrylic acid, or gelatin-resorcin-formaldehyde, which need a dry surface. The large amounts of thrombin concentrated on the large surface area of the gelatin matrix and contact activation by gelatin lead to fast hemostasis. 1) This effect is supported by the moderate swelling (about 10-20%) of the gelatin-thrombin matrix following contact with blood or other body fluids. 1) This gelatin-thrombin matrix is useful in cardiac, 24, 25) spinal, 29) maxillofacial and plastic facial, 11, 12, 28) rhinologic, 2, 4) and urologic 31, 34) surgery. However, little is known about its use in brain surgery except in transsphenoidal pituitary surgery, in which the safety and biocompatibility were comparable with hemostatic agents currently in use. 7) Neurol Med Chir (Tokyo) 47, October, 2007
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The present study evaluated the hemostatic efficacy and handling of gelatin-thrombin matrix in brain surgery.
Materials and Methods
In this retrospective analysis, patients were included who underwent intracranial neurosurgical procedures with acute intense or persistent bleeding during brain surgery which could not be arrested by standard methods of hemostasis (bipolar coagulation, irrigation, use of cellulose and collagen sponge, compression with cottonoid patties), or these methods could not be applied. The only contraindication was an active local infection. Seven out of 478 (1.5%) consecutive patients (3 male, 4 female; mean age 57.7 ± 23.4 years) could be identified which met the inclusion criteria ( Table 2 ).
The gelatin-thrombin matrix (FloSeal  Matrix; Baxter Healthcare Corporation, Fremont, Calif., U.S.A.) was delivered to the site of bleeding via a single-barrel syringe and a special applicator tip according to the manufacturer's instructions. The source and type of bleeding (arterial, venous, or generalized venous oozing), time to bleeding control, application technique, quantity of gelatinthrombin matrix used, and complications were recorded.
Results
The types of bleeding were classified as arterial in two patients, generalized venous oozing in three, and venous bleeding from the superior sagittal sinus in two ( Table 2 ). The time to prepare gelatin-thrombin matrix ready-to-use did not exceed 1 minute. Effective hemostasis was achieved no later than 240 seconds after initial application of gelatinthrombin matrix in all patients except two ( Table 2) No local and/or systemic complications, embolisms, or vessel occlusions were observed. None of the patients developed allergic reactions, or local or generalized infections associated with the gelatinthrombin matrix. There was no morbidity and no patient required reoperation. The gelatin-thrombin matrix was easy to apply in all cases using the applicator tip of the kit.
Follow-up imaging (computed tomography or magnetic resonance imaging) was performed on days 0 to 23 after operation and was available in five of the seven patients. Normal postoperative conditions were found without signs of inflammation, perifocal edema, or scar formation attributable to the gelatin-thrombin matrix.
Follow-up neurological examination was performed on day 1 postoperatively and at discharge. Three patients were additionally evaluated at 6, 7, or 24 months after the operation. All identified neurological deficits were either known potential complications of the type of operation performed or were already present prior to the operation (temporary hemiparesis in 2 patients, mild pre-existing hemiparesis in 2 patients).
Discussion
Gelatin-thrombin matrix was first approved by the United States Food and Drug Administration in 1999 based on safety and effectiveness data from a multicenter, multispecialty, prospective, randomized clinical trial involving 309 patients undergoing cardiac, vascular, or spinal surgery. 29) The most common adverse events during and after the application were anemia, atrial fibrillation, infection, and hemorrhage. None of the adverse events reported in more than 1% of patients were judged to be``probably related'' to the use of gelatin-thrombin matrix. The initially excluded neurosurgical procedures were added to the``Indications for Use ' The gelatin-thrombin matrix consists of bovine gelatin which has an extremely low immunogenicity. There are no reports in the literature of any allergic reactions to the gelatin-thrombin matrix. During its safety history, more than 1.5 million applications were counted in all surgical specialties except ophthalmology. During this period, 2-3 suspected
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local allergic manifestations, rather than systemic reactions, were reported. This corresponds to an incidence of 0.0002% (personal communication, Baxter Biosurgery AG: FloSeal  Safety Considerations. Vienna, Austria, 2007). However, in case of serious systemic reactions, airway patency should be immediately assessed. The established primary drug treatments for anaphylaxis are epinephrine and H 1 -antihistamines, whereas corticosteroids are mainly effective in preventing biphasic reactions. 9) The source of the gelatin for the gelatin-thrombin matrix as well as the manufacturing process of the gelatin granules is certified according to the bovine spongiform encephalopathy safety regulations in the U.S.A. and the European Union (EU), which has the strongest safety requirements in regard to Creutzfeldt-Jacob disease transmission risk. The safety concerning bovine spongiform encephalopathy (BSE) of the gelatin granules has recently been recertified based on the new EU regulation for bovine derived materials as being BSE safe (personal communication, Baxter Biosurgery AG: FloSeal  Safety Considerations. Vienna, Austria, 2007).
Use of gelatin-thrombin matrix in a rat fasciocutaneous free flap model did not reveal any adverse effects on survival. 11, 28) A brain implantation study in rats indicated that intracerebral implantation of gelatin-thrombin matrix does not result in hydrocephalus or mortality. 1) Furthermore, the inflammatory reaction in the brain was similar, and definitely not worse than, the reaction to other hemostatic agents based on cellulose, gelatin, and collagen. The median time to biodegradation was 30 days for gelatin-thrombin matrix versus 60 days for cellulose, and more than 90 days for gelatin, gelatin plus thrombin, and collagen agents. Swelling following exposure to normal saline was only 11% for gelatin-thrombin matrix compared to 260% for collagen, 320% for gelatin, and 135% for cellulose agents. The moderate swelling of gelatin-thrombin matrix following contact with blood or other fluids is highly beneficial and may be considered essential for use in brain surgery.
Evaluation of the biocompatibility of gelatinthrombin matrix in a rabbit model of splenic injury and bleeding 1) found no gross evidence of the material after 14 days, and no postoperative adhesions. The observed acute inflammatory response and fibrosis was typical of the normal wound healing process of the spleen following injury.
Clinical evaluation of gelatin-thrombin matrix for use in endoscopic sinus surgery showed clear trends towards increased granulation tissue and adhesion formation compared to the patients treated with thrombin-soaked gelatin foam. 5) However, gelatinthrombin matrix was associated with a high degree of patient comfort and effective hemostasis after endoscopic sinus surgery. Gelatin-thrombin matrix appeared to be associated with scar tissue formation and incorporation into the recovering mucosa at 1-year follow up, suggesting that increased requirement for postoperative care. This effect seems to be associated with this specific location, and the mucosa is probably important in the formation of such scar tissue.
The preclinical and clinical testing demonstrated reasonable assurance of the safety and effectiveness of gelatin-thrombin matrix for approved indications. 25, 29) This seems not to be true for other hemostatic agents used to control persistent bleeding. For example, some types of collagen-based agents can induce local inflammatory responses. 36) In the present study, one patient suffered persistent bleeding after gelatin-thrombin matrix administration, so fibrin glue was applied onto the hemostatic matrix, after which the hemorrhage ceased. The brain has a vast supply of tissue factor (thromboplastin), which is the most potent trigger of coagulation known. 18) Hypothetically, the local consumption of clotting factors may be so excessive in some intraoperative scenarios that uncontrolled bleeding can occur -a``localized disseminated coagulation. '' 27) Furthermore, the brain generally has only low levels of fibrinolytic activity apart from the pituitary gland 33) and the meninges. 13, 14, 26) These factors may explain the present success in achieving hemostasis by adding fibrinogen to gelatin-thrombin matrix. Factor XIII also present in fibrin glue causes the fibrin to crosslink, which gives the coagulum additional resilience.
A controlled study in a porcine model comparing fibrin glue with a combination of gelatin-thrombin matrix and fibrin glue for treating vascular and collecting-system injury during partial nephrectomy suggested that fibrin glue is not adequate for either hemostasis or management of major collectingsystem injury. 17) Gelatin-thrombin matrix capped with fibrin glue appeared sufficient to control major vascular and collecting-system injuries without adjunctive surgical measures.
Apparently gelatin-thrombin matrix requires fibrinogen to develop its hemostatic potential. The physiological level of fibrinogen in plasma is approximately 1.5 mg/ml (von Clauss coagulation micro-method). 6) The fibrinogen concentration in fibrin glue is 70-110 mg/ml, which is about 45 to 70-fold that in serum. 3) Therefore, we suggest that the initial attempt to stop bleeding should be made with a single unit of gelatin-thrombin matrix. If adequate hemostasis is not achieved, capping with fibrin glue I. Fiss et al.
might seem more useful than applying a second load of gelatin-thrombin matrix, thus facilitating activation of the fibrinogen component to overcome intraoperative dys-or afibrinogenemia. Absence of fibrinogen is a special situation usually confined to local intraoperative problems. 27) The incidence of systemic fibrinogen deficiency in the Caucasian population is reported to be as low as 1:1,000,000. 23) Thrombin only acts at the end of the clotting cascade, so its action is less susceptible to coagulopathies due to clotting factor deficiencies or platelet malfunction. However, such coagulopathies can compromise the activity of other hemostatic agents based on collagen, gelatin, or oxidized cellulose. The plasma concentration of prothrombin is 1-2 nmol/ml, which completely converted yields 100-200 IU thrombin/ml. 20) The 5 ml syringe of gelatin-thrombin matrix (standard kit) contains 5000 IU of thrombin. 30) The present study also observed inadequate hemostasis in a patient during extirpation of a meningioma, when bleeding occurred from a longitudinal tear along the superior sagittal sinus. Hemostasis was achieved by additional application of an absorbable gelatin sponge. We assume that the failure to achieve hemostasis by gelatin-thrombin matrix was due to the configuration of the bleeding lesion. The gelatin-thrombin matrix, which was applied as a thin film, did not have adequate coherence and had to be supported and held in place by the gelatin sponge. In this case, inadequate hemostasis was a problem of application rather than of efficacy.
The present study identified no adverse events, especially no signs of local infection, in the patients. Other gelatin-based hemostatic agents are known to act as potential centers for infection and abscess formation and promote bacterial growth. 1) Evaluation of follow-up cranial neuroimaging examinations did not reveal any abnormal findings associated with the application of gelatin-thrombin matrix, as reported previously. 25, 29) The major question that should be addressed concerns the most suitable strategy to deal with intracranial bleeding during operations: should we continue to rely on the well-known methods (gentle pressure, suction cautery, bipolar cautery, gelfoam sponges etc.) to prevent or arrest bleeding? These methods bear the risk of tissue destruction with deleterious sequelae. The alternative in special situations is to achieve rapid hemostasis by using a fast and reliably acting local hemostatic sealant.
The present study suggests that safe and fast management of venous and arterial bleedings during brain surgery can be achieved by application of gelatin-thrombin matrix hemostatic agent. The gelatin-thrombin matrix is easier to apply in regions which are difficult to reach, and the consistency provides more tissue contact than a thrombin-soaked gelatin sponge. Reinforcement with fibrin glue is better than applying more matrix in cases of vigorous bleeding due to presumed local disseminated intravascular coagulation.
